Abstract Cyanobacteria are generally thought to be responsible for primary production and nitrogen fixation in the microbial communities that dominate Antarctic ecosystems. Recent studies of bacterial communities in terrestrial Antarctica, however, have shown that Cyanobacteria are sometimes only scarcely present, suggesting that other bacteria presumably take over their role as primary producers and diazotrophs. The diversity of key genes in these processes was studied in surface samples from the Sør Rondane Mountains, Dronning Maud Land, using clone libraries of the large subunit of ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO) genes (cbbL, cbbM) and dinitrogenase-reductase (nifH) genes. We recovered a large diversity of non-cyanobacterial cbbL type IC in addition to cyanobacterial type IB, suggesting that non-cyanobacterial autotrophs may contribute to primary production. The nifH diversity recovered was predominantly related to Cyanobacteria, particularly members of the Nostocales. We also investigated the occurrence of proteorhodopsin and anoxygenic phototrophy as mechanisms for non-Cyanobacteria to exploit solar energy. While proteorhodopsin genes were not detected, a large diversity of genes coding for the light and medium subunits of the type 2 phototrophic reaction center (pufLM) was observed, suggesting for the first time, that the aerobic photoheterotrophic lifestyle may be important in oligotrophic high-altitude icefree terrestrial Antarctic habitats.
Introduction
The Antarctic continent is dominated by extreme environmental conditions, including limited organic nutrients, low humidity, frequent freeze-thaw and wet-dry cycles, rapid drainage, low and transient precipitation, and low thermal capacity of the substratum [1] . Ice-free regions are limited to a minute proportion (∼0.32 %) of the continent's surface area [2] . The Sør Rondane Mountains, located in Dronning Maud Land, East-Antarctica and home of the Belgian Princess Elisabeth Station (PES), contain an important number of ice-free mountain tops and nunataks [3] .
Antarctica has a very limited fauna and flora, with just two native species of flowering plants, occurring only on the Peninsula [4, 5] . Surface substrates near the PES consist mostly of weathered rocks with relatively little organic material, given the absence of vascular plants. It is assumed that Cyanobacteria, with their ability to fix carbon dioxide and nitrogen, are the main primary producers in this barren region [6, 7] . Recent studies however have shown that Cyanobacteria are not always highly abundant in vegetated and fell-field sites on the Peninsula and in mineral soils of the McMurdo Dry Valleys [8] [9] [10] , and in such cases, other bacteria can be assumed to take over their role in carbon and/or nitrogen fixation.
Of several mechanisms for carbon dioxide fixation, the Calvin-Benson-Bassham (CBB) cycle is considered to be the most important autotrophic pathway [11] . The enzyme Electronic supplementary material The online version of this article (doi:10.1007/s00248-015-0704-6) contains supplementary material, which is available to authorized users.
partial pufM genes. The PowerLyzer® PowerSoil® DNA isolation kit (MoBio Laboratories) performed best ( Fig. S1 ) and was therefore used for analyzing the samples. Total genomic DNA was extracted in triplicate from 400 mg of homogenized sample, following the manufacturer's protocol. The lysis step was performed using an alternative protocol separately provided by the manufacturer. Briefly, 500 μl phenol/ chloroform/isoamylalcohol (25:24:1), 500 μl bead solution, and 60 μl of C2 solution were added to a PowerLyzer™ Glass Bead Tube together with 400 mg of sample. Tubes were bead beaten for 10 min (30.0 Hz), and the supernatant was transferred to a clean 2-ml collection tube. A volume of 150 μl of component C3 was added, and tubes were cooled for 5 min at 4°C, after which the original protocol was continued.
Extracted DNA was quantified with a Qubit® 2.0 fluorometer (Life Technologies) and stored at −20°C until processing.
PCR
For every DNA extract, a PCR was performed in triplicate in a total volume of 25 μl containing 0.2 mM of each deoxynucleotide triphosphate (dNTP), 1× Qiagen PCR buffer (Qiagen), 0.625 U of Qiagen Taq DNA polymerase (Qiagen), 100 μM bovine serum albumin (BSA), 3 μl of template solution, and a forward and reverse primer ( Table 2 ). Amplification was performed using a Veriti thermal cycler (Life Technologies). The temperature profiles of all PCRs are shown in Table 2 . For each sample and primer set, all nine PCR Data from [54] products (3 replicate DNA extracts×3 replicate PCRs), showing bands of the expected size, were pooled and purified using a Nucleofast 96 PCR cleanup membrane system (MachereyNagel) and Tecan Genesis Workstation 200 (Tecan).
Clone Library Construction and Sequencing
Purified PCR products were cloned with a pGEM®-T Vector System II (Promega) following the manufacturer's instructions, in duplicate or triplicate. Competent Escherichia coli JM109 cells were transformed with the ligation product and screened using blue/white coloration. For each sample, 150 white transformants of each PCR type were purified by streaking. To release plasmid DNA, cells were suspended in 15 μl of MilliQ water and lysed by heating to 100°C (10 min). Inserts were amplified using the T7/SP6 primer set (Promega) in a 25 μl reaction mixture containing 1 μl of DNA solution, 1× Qiagen PCR buffer (Qiagen), 0. A final extension at 72°C (7 min) and subsequent cooling at 4°C completed the reaction. PCR products of the expected size were purified as described above, and gene fragments were sequenced with primers T7 and SP6 and the original amplification primers (Table 2 ) using a BigDye Xterminator™ purification kit (Applied Biosystems) and an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems).
Analysis of Clones
For each functional gene, a custom-made database was prepared in BioNumerics 7.5 (Applied Maths) by downloading all related sequence records from the NCBI and IMG (https://img.jgi.doe.gov/) [58] databases as available per December 1, 2014. Redundant sequences were not removed not to lose metadata information on the habitats from which reference sequences were derived. Records were manually checked to eliminate low-quality sequences (i.e., presence of stop codons, ambiguous bases, indels). Newly obtained sequences were added to the corresponding BioNumerics database using the Assembler module. For all clones, between four and eight overlapping sequences were assembled. Vector sequences and amplification primer sequences were trimmed off, and sequences were manually curated. For additional quality curation, nucleotide sequences were translated into amino acids using MEGA 6 [59] . Putative chimeric sequences (detected using the Uchime module in Mothur [60, 61] ), sequences with no similarity to our genes, and sequences that were too short (≥1 AA) or contained stop codons were removed from the dataset before further analysis. For rarefaction analysis, binning at both 95 and 100 % nucleotide sequence identity and 100 % protein sequence identity was performed using the "Fill field with cluster number" option in BioNumerics 7. . From the resulting phylogenetic trees, closest relatives of our newly obtained clone sequences as well as representative sequences from the entire tree were selected in order to prepare a smaller tree representing the initial complete tree, following the same protocol. Trees were visualized using the iTOL software [65, 66] . Clone sequences sharing the same nearest neighbor were grouped into clusters.
Statistical Analyses
Statistical analyses of clone sequences were performed using the Vegan package [67] in R (http://cranr-project.org). The total expected number of OTUs was determined by rarefaction analysis. For all clone libraries, different indices, based on derived protein sequences, were calculated, including evenness (Pielou), species richness (Chao1), and Bray-Curtis dissimilarity.
Accession Numbers
The sequences determined in this study have been deposited in the National Center for Biotechnology GenBank database under the accession numbers KT154121 to KT154253 (IA/IB cbbL sequences), KT154254 to KT154456 (IA/IC cbbL sequences), KT154018 to KT154120 (nifH sequences), and KT154457 to KT154682 (pufLM sequences).
Results
Four terrestrial samples (Table 1) , collected in the proximity of the Belgian Princess Elisabeth Station, were examined. To target different subtypes of the cbbL gene, coding for RuBisCO type I, two primer sets were used, RubIgF/R and K2f/V2r which robustly capture subtypes IA/IB and IA/IC, Table 2 ) [21, 47, 53, 54, [68] [69] [70] . A total of 353 clones of subtypes IA/IB and 444 of types IA/IC were obtained ( Table 3 ). The cbbM gene (type II RuBisCO) failed to amplify from all four samples even though a recently designed primer set reported to target a broad diversity of the gene was used (Table 2 ) [48] . For nifH and pufLM, a total of 339 and 317 clones were obtained in this study (Table 3) . Proteorhodopsin genes failed to amplify from all four samples. When applying OTU binning at 95 % DNA similarity, for all clone libraries, rarefaction curves reached saturation ( Fig. 2) , reflecting that at a 5 % DNA divergence level, the number of OTUs is relatively limited. Indeed, for cbbL subtypes IA/IB, cbbL subtypes IA/IC, nifH, and pufM at 95 % DNA sequence similarity, 14, 43, 3, and 21 OTUs were recovered (Table 3) . However, analysis of unique protein sequences or unique DNA sequences indicated that not all diversity was sampled as graphs were still rising (Fig. 2 ), in line with overall coverage values of about 35 to 50 % (Table 3) .
For the cbbL gene, the two primer sets used to amplify subtypes IA/IB and IA/IC target slightly different but overlapping regions of the gene that were therefore investigated separately (Fig. S2 , Table 2 ). For both primer sets, at least 98 high-quality sequences were retained per sample, except for samples KP15 and KP53, where fewer sequences were obtained for one of the primer sets (Table 3) . The coverage based on estimated species richness (Chao1) for the separate samples was only between 23.1 and 79.2 % for IA/IB and between 27.1 and 74.7 % for IA/IC, whereas the total coverage of the IA/IB and IA/IC libraries was only 35.4 and 40.7 %. The overall evenness of the clone libraries was quite high in all the cases. Only for cbbL clone libraries of sample KP43, the value was lower. Finally, Bray-Curtis dissimilarity analysis revealed that, with the available data, very little overlap exists between the data from all terrestrial samples (Table 3, Fig. 3 ).
For cbbL IA/IB, the 353 clones were binned into 98 ORUs that had a unique amino acid sequence. Similarly, for types IA/IC, a total of 158 ORUs were defined from 444 clones (Table S1 ). For both subtypes, most ORUs comprised only Fig. 2 Rarefaction curves based on OTUs grouping clones that have 95 and 100 % similarity for nucleotide sequences and 100 % for protein sequences. Analysis was performed using the Vegan package in R one or two derived protein sequences and little overlap existed between ORUs originating from different terrestrial samples (Fig. 3) . After maximum likelihood analysis of the cbbL IA/IB sequences, together with reference data, all 98 ORUs grouped into nine visual clusters and three separate ORUs dispersed between other available sequence data (Fig. 4) . Clusters 4 to 9 and two separate ORUs grouped with cyanobacterial type IB. The number of type IB sequences recovered from samples KP2, KP15, KP43, and KP53 was 115, 35, 15, and 4, respectively (Table 4) . Blast searches revealed none of them to be similar to eukaryotic cbbL. They made up 50 ORUs that showed very little overlap between samples. In fact, only two visual clusters (clusters 6 and 7) (Table 4) in the ML tree (Fig. 4) contained ORUs recovered from multiple samples. Most type IB ORUs contained sequences originating from a single sample. The type IB sequences showed a clear taxonomic grouping of Cyanobacteria with clusters of Oscillatoriales, Nostocales, and Chroococcales sequences (Fig. 4) and two clone clusters (4 and 8) showed a close affiliation to Chroococcales cbbL IB sequences. Separate ORU KP2.RuBisCO.AB.Clone89 and clusters 5-7, all from samples KP43 and KP53, grouped with sequences of N o s t o c a l e s , w h i l e c l u s t e r 9 a n d s i n g l e t o n K P 1 5 . R u B i s C O . A B . C l o n e 6 1 g r o u p e d w i t h t h e Oscillatoriales. Our type IB sequences mostly appear cosmopolitan as their closest relatives originate from samples taken in a variety of ecosystems all over the world. A few (e.g., KP15.RuBisCO.AB.Clone61, cluster 8, cluster 9), however, have a sequence from Antarctica or other cold environments as closest neighbor (Table 4 ) [21, 71] .
Cluster 3 plus a separate ORU grouped with type IA, and these sequences showed a close affiliation with the cbbL type IA sequence from Bradyrhizobium sp. BTAi1 (Fig. 4) . Remarkably, despite the amplification with primers targeting only type IA/IB, two clusters (1 and 2) grouped with type IC sequences (Fig. 4) , in particular with unnamed clone sequences obtained from Chinese arid (accession nos. (Fig. 5, Table 4 ). Only one separate ORU, containing one sequence (KP15.RuBisCO.AC.Clone113), grouped with sequences of type IA. It grouped with the cbbL IA sequence of Bradyrhizobium sp. BTAi1, as was the case for all type IA sequences obtained with the other primer set. The remaining 147 ORUs, containing 443 sequences, all grouped with cbbL IC (Table 4 ). Apart from cluster 12 which grouped with Nocardia species and cluster 16, which grouped with Nitrosospira species, most new cloned sequences grouped with sequences of other uncultured bacteria (Fig. 5, Table 4 ).
For amplification of a ∼360 bp fragment of the nifH gene, a degenerate primer set, previously described by Poly and colleagues [57] , was used. The primers target two of the three (Table 3) . Overall, 62 ONUs were obtained. Bray-Curtis dissimilarity again revealed hardly any overlap between the data from different samples, except for samples KP2 and KP15 (Table 3) , which shared four protein sequences (Fig. 3) , of which one (ONU 1) was recovered from all three samples (Table S1 ). The overall coverage of the nifH clone libraries, based on the Chao1 parameter, was highest for sample KP43 (45.8 %) but dropped to 44.4 and 27.5 % for clone libraries of KP15 and KP2, respectively. Evenness was low for all samples (Table 3) . Maximum likelihood analysis of the protein sequences, together with our nifH database sequences, revealed all our ONUs to group with Cyanobacteria (Fig. 6) . They formed one cluster together with several Nostocales reference strains, especially Nostoc (Table 4 ). For amplification of pufLM genes, a degenerate primer set was used ( Table 2 ) that amplifies a ∼1500 bp long fragment, providing additional sequence information compared to other primer sets that only amplify small parts of the pufL or pufM gene. All samples, except for KP2, showed successful amplification. Cloning resulted in 98, 98, and 121 positive sequences for samples KP15, KP43, and KP53, respectively (Table 3) .
Analysis of the complete ∼1500 bp fragment revealed 193 OPUs with a unique amino acid sequence (data not shown). To date, most available sequences comprise a smaller part of the pufM gene. Therefore, to broaden phylogenetic analysis by comparing our new sequences with as much reference data as possible, only this small part of the pufM gene, covering 58 AA, was used for further analysis. This increased the reference data in the phylogenetic analysis by 17 times, while reducing our sequences to 49 unique OPUs (Table S1 ), 46 of which consisted of sequences originating from just one of the terrestrial samples. Of the other three OPUs, two (OPU 22 and OPU 40) were shared between three terrestrial samples and one (OPU 2) between samples KP15 and KP53 (Fig. 3) .
Bray-Curtis analysis indicated samples KP43 and KP53 to show only 57 % dissimilarity, while all other relationships show a very high dissimilarity (Table 3) . Evenness was highest for the KP15 library (81.4 %) and 49.6 and 52.5 % for the KP43 and KP53 libraries, respectively. Coverage of the libraries was 62.8, 91.4, and only 30.4 % for samples KP15, KP43, and KP53, respectively (Table 3) .
For phylogenetic analysis, a maximum likelihood tree (1000 bootstraps) was generated (Fig. 7) , in which the 49 OPUs could be grouped in six visual clusters and five separate OPUs (Table 4) . Sequences obtained from sample KP15 proved to be the most diverse, with OPUs belonging to all six clusters and all five separate OPUs. Sequences from samples KP43 and KP53 were much less diverse, belonging to only two and three of the visual clusters, respectively (Table 4) .
Only for cluster 5 and singleton KP15.pufLM.Clone55, the closest affiliated unknown pufM sequences (accession nos. KC900142 and KC900120) also originate from Antarctica (Fig. 7) ; however, they were not found in a terrestrial environment but in surface water from Great Wall Cove, King George Island, Antarctica. Furthermore, cluster 1 and singleton KP15.pufLM.Clone13 (Fig. 7) group with unknown pufM sequences originating from Chinese paddy soil samples [ 7 3 -7 5 ] . C l u s t e r s 2 a n d 3 a n d s i n g l e t o n s KP15.pufLM.Clone14, Clone55, and Clone78 grouped into a larger cluster (from Sphingomonas sp. PB56 [AY853583] to Sphingomonas echinoides ATCC 14820 [NZ_JH584235]) (Fig. 7) of pufM sequences belonging mainly to organisms of the alphaproteobacterial orders of the Rhizobiales, originating from t errestrial and aquatic environments, a nd Sphingomonadales, predominantly originating from aquatic environments.
Discussion
Based on previous research, where Cyanobacteria were reported in small numbers in some exposed Antarctic communities [8] [9] [10] , we hypothesized that other members of the bacterial community may take their role as primary producers in the oligotrophic soils of the Antarctic continent. We investigated this in four samples from soils near the Princess Elisabeth Station in the Sør Rondane Mountains. As part of a larger biogeographic study, these samples were recently included in Illumina sequencing of 16S rRNA genes (Tytgat et al. unpublished data), and preliminary analyses indicate that Cyanobacteria make up 0.04 to 51.85 % of the reads recovered from our four samples (Table 1) . We studied the diversity of genes encoding RuBisCO as a marker for phototrophic and chemolithotrophic primary producers and the nitrogenase gene nifH as a marker for nitrogen fixation. The scarcity of organic matter and abundant availability of sunlight would favor bacteria that are able to exploit the latter resource. Therefore, we also investigated the diversity of type 2 phototrophic reaction centers (pufLM genes), which are also found in aerobic photohetertrophs, and PR light-harvesting systems.
Few studies have reported the presence and diversity of cbbL and/or cbbM genes in Antarctica, most of them investigating aquatic ecosystems [21, 76, 77] , leaving the ice-free terrestrial regions unexplored. Here, two different degenerate primer sets were used to target the diversity of RuBisCO type I (cbbL gene) in soils near the Princess Elisabeth Station. The first amplified both types IA and IB, the second types IA and IC. This division of RuBisCO type I into different subtypes can be seen clearly in the phylogenetic trees (Figs. 4 and 5) . The cbbL type IC, previously found in Alphaproteobacteria, B e t a p r o t e o b a c t e r i a , a n d G a m m a p r o t e o b a c t e r i a , Verrucomicrobia, Firmicutes, and Actinobacteria, was the most frequently recovered type in all samples (202 ORUs) (Table 4 ) and showed very high diversity, making up 18 clusters and 26 separate ORUs (Figs. 4 and 5, Table 4 ), suggesting the presence, in the terrestrial areas near the Belgian base, of multiple non-cyanobacterial autotrophs, presumably belonging to a wide range of taxa. Remarkably, the primer set targeting types IA/IB also picked up a large number of type IC sequences from samples KP43 and KP53 (108 and 72 sequences, respectively) ( Table 4 ), indicating that the primer set, although successfully amplifying only cbbL IA/IB in previous studies [53, 69, [78] [79] [80] , is not 100 % specific for these two subtypes.
Type IA cbbL, typical of Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria, was amplified only in sample KP15 with a very limited diversity of only four Bootstrap values <70 % are not shown. Chloroflexus aggregans and Roseiflexus castenholzii (accession numbers CP001337 and AB095768) were used as an out-group. B., Blastochloris. Visual clades are displayed as gray triangles. Total branch lengths to the closest and the farthest leaf are used as sides of the triangle ORUs (five DNA sequences), despite the use of two primer sets that target this type (Table 4) . Possible reasons for this low diversity of type IA may be a primer bias, the absence or low abundance of the targeted cbbL type IA. Based on literature data, the latter may be the case, as both primer sets were shown to display only limited bias among the different cbbL types [54] and they successfully amplified type IA in other studies [21, 47, 54, [68] [69] [70] . A further possibility is the presence of slightly different type IA genes that were not picked up by the primers. Primer mismatch is a weakness for all PCRbased diversity surveys and may cause a portion of the actual diversity to be missed.
Finally, a large diversity of cyanobacterial cbbL type IB was recovered (Fig. 4) . While there was very little overlap between samples, KP2 and KP15 yielded the most diversity, in line with the higher relative abundance of Cyanobacteria in those samples (Tables 1 and 4) .
Taken together, the diversity of RuBisCO type I sequences recovered with two primer sets from the terrestrial Antarctic samples revealed a larger relative diversity of noncyanobacterial primary producers (202 ORUs of type IC and 4 ORUs of type IA) than Cyanobacteria (50 ORUs), confirming our hypothesis that these groups may potentially contribute to primary production in these systems. Furthermore, the presence of cbbL type IA sequences similar to those retrieved from the alphaproteobacterium Bradyrhizobium sp. BTAi1; type IB sequences from Oscillatoriales, Nostocales, and Chroococcales; and type IC from Nitrosospira and Rubrivivax corroborates previous reports from Antarctic or subglacial environments [21, 81] .
It should be noted that while many of the clone sequences show relatively high similarity to sequences of cultivated bacteria, this does not imply taxonomic relatedness. The cbbL phylogeny shows a high degree of incongruency with the 16S rRNA phylogeny, due to horizontal gene transfer and gene duplication associated with differential gene loss [82] . Considering the type of habitat-related reference sequences originate from, no clear grouping of cold habitat sequences was apparent for any of the cbbL types (Table 4) .
Previous studies reported the presence of type II RuBisCO in Antarctica [76, 77] ; however, despite the use of a primer set recently shown to amplify a 700-800 bp fragment of the cbbM gene in a broad variety of bacteria [48] , no positive amplification or no amplicon of the correct size could be obtained from our samples (data not shown). These results imply that type II RuBisCO sequences are absent or below the detection limit in our samples or that they do not match the primers used.
We also studied the diversity of dinitrogenase-reductase (nifH) genes to assess to what extent nitrogen fixation might be performed by non-cyanobacterial taxa. The primer set used targets a broad variety of Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria, grampositive bacteria, and only a small percentage of known cyanobacterial nifH sequences [57, 72] . All obtained sequences, however, showed a close relationship to known nifH sequences belonging to Nostocales cyanobacteria and especially the heterocystous cyanobacterium Nostoc. No noncyanobacterial sequences were recovered, suggesting that non-Cyanobacteria contribute little to nitrogen fixation in these terrestrial Antarctic samples. Although we recovered mostly Nostocales-affiliated nifH sequences, this does not imply that these are the main nitrogen fixers because the primers used did not target the majority of Cyanobacteria [72] . Since rarefaction curves based on unique sequences did not reach saturation (Fig. 2) and coverage estimates are below 50 % (Table 3) , it is possible that other Cyanobacteria as well as non-Cyanobacteria may contribute to nitrogen fixation in the terrestrial Antarctic. The presence of Nostocales Cyanobacteria, and in particular Nostoc, in our terrestrial Antarctic samples as suggested by nifH findings, is corroborated by the cbbL type IB data (Fig. 4) . Nostoc is indeed frequently found in Antarctic environments [7, 9, 83, 84] as well as other terrestrial ecosystems characterized by aridity and nutrient limitations [85] . Its success in these extreme environments is due to its ability to remain desiccated for extended periods of time and, after rehydration, recover its metabolic activity completely within hours to days [85] . Moreover, Nostoc can withstand repeated cycles of freezing and thawing, a typical Antarctic environmental condition [86, 87] . No particular psychrophilic nitrogenase associations could be detected: The most closely related nifH sequences originated from a variety of ecosystems from all over our planet (Table 4) .
In the present study, two mechanisms to harvest sunlight were examined. The first, proteorhodopsin, has been almost exclusively studied in aquatic ecosystems, including from Arctic and Antarctic marine environments [88] [89] [90] . Nevertheless, PR-like variants have been found in Siberian permafrost samples [30] , suggesting that they could also play a role in continental Antarctica. However, proteorhodopsin genes were not detected in any of the samples tested here, despite the use of multiple primer sets (Table 2) , amplifying proteorhodopsin in a wide range of bacteria [50, 88, 89, 91] . Possibly proteorhodopsins are not abundant or maybe not present at all in these soils. Another likely explanation may be that the terrestrial Antarctic variants of proteorhodopsin are not targeted by these primer sets: As most reference data are from marine systems, the available primers may not fully capture terrestrial proteorhodopsin diversity.
A second mechanism to harvest sunlight that was investigated here is anoxygenic phototrophy using type 2 reaction centers, encoded by pufLM genes and found in Chlorofexaceae, purple sulfur bacteria, purple non-sulfur bacteria, and AAP [92] . Diverse pufLM genes were recovered from all but one sample, indicating that anoxygenic phototrophs are present. We did not recover sequences representative of strictly anaerobic photoautotrophic purple sulfur bacteria or Chloroflexi, and only cluster 6 grouped among sequences of purple non-sulfur bacteria (Fig. 7) . Most of our clusters grouped among diverse lineages originating from aerobic photoheterotrophic taxa of Alphaproteobacteria and Betaproteobacteria referred to as AAP (Fig. 7) . Studies on AAPs in soils are extremely rare to date. Only Feng and colleagues [73-75, 93, 94] investigated their presence in paddy soils from China and in Arctic soils. Other studies to date focused on aquatic ecosystems [41, 45, 95] , where it has been shown that AAP represent an important part of the total bacterial community [96] . This work, with the Sør Rondane Mountains as area of study, represents the first report of AAP bacteria in Antarctic soils.
Since to date most available sequences only comprise a small part of the 3′ side of the pufM gene, this 58 AA long region was used for analysis. When expanding sequence data to the larger, originally obtained pufLM protein sequences, these affiliations with known AAP bacteria can still be seen, indicating that this 58 AA long region of pufM is indeed a useful indicator for pufLM phylogeny. In the terrestrial samples, a high diversity of pufM genes was present and clear differences were observed between the samples. Combined with the samples' conductivity data (Table 1 )-and consequently salinity-a tentative correlation with pufM diversity could be seen, as diversity decreased when conductivity increased. This inverse correlation between salinity and pufM diversity was consistent with previous observations in aquatic ecosystems [44, 95] . The opposite correlation, however, has also been found [34] .
Most of the pufM diversity recovered here affiliated with alphaproteobacterial pufM (Table 4 , Fig. 7) , an observation made previously in the Arctic [93] and Antarctic [43, 45] , but also in Chinese paddy soils [74] . Furthermore, some of the alphaproteobacterial-like OPUs were found grouping with pufM sequences originating from Sphingomonadales bacteria, an order that has previously been shown to be present in soils of the Sør Rondane Mountains [97] . Gammaproteobacteriallike pufM sequences were also found in our samples (Table 4 , Fig. 7 ) but contributed less to the general pufM diversity, as was the case for Arctic soils [93] but not Antarctic sea ice and seawater, where no pufM of the gammaproteobacterial group was detected [45] . Again, no clear psychrophilic pufM groupings could be deduced from the geographic origin of these closest relatives, as they originate from marine and terrestrial environments from all over the world, a trend that could also be seen for the other functional genes (Table 4) .
Conclusion
Overall, the data presented in this study suggest that, in soils in the vicinity of the Princess Elisabeth Station, a broad diversity of microorganisms harboring RuBisCO genes is present. Type IA was only scarcely recovered, and all sequences showed close affiliation to the cbbL type IA sequence of Bradyrhizobium sp. BTAi1. Non-cyanobacterial type IC was dominantly retrieved and appeared to be more diverse than cyanobacterial type IB in the bacterial autotrophic communities near the research station and may potentially contribute to the input of organic matter into the oligotrophic Antarctic systems. The nifH diversity recovered was low, as only sequences affiliated with Nostocales were recovered from our samples, suggesting that non-Cyanobacteria are not important contributors to nitrogen fixation in the poor Antarctic soils. Our study of mechanisms to harvest solar energy could not detect rhodopsin genes. However, it did, for the first time, show the presence of aerobic anoxygenic phototrophic bacteria in Antarctic soils, suggesting that photoheterotrophy may be a useful life strategy during the austral summer.
The functional genes studied here did not appear to show Antarctic types: The majority of sequences grouped among neighbors from various ecosystems worldwide. For all genes coverage estimates and rarefaction analysis of unique sequences, however, showed that saturation was not reached, indicating that a large proportion of diversity remains unknown. Consequently, more large-scale analyses, including deep sequencing, are required to assess the diversity of these systems.
